Abstract At present, the criteria for selecting space geodetic sites are random and uncertain internationally. In this paper, we present a new method for selecting rigid geodetic sites of each plate and establishing a present-day relative motion model of global plates: RM2000. Incorporating geomagnetic anomaly data 80 MaBP, the relative Euler vectors of global plates in different ages can be determined, based on which the spreading, sliding and converging rates of adjacent plates can be obtained. Comparing them shows:
Introduction
The theory of plate tectonics dictates that the Earth's surface is made up of a relatively small number of rigid spherical shells or plates of the lithosphere that move with respect to each other. At present, the absolute motions of plates are described relative to hotspots mainly [1] . However, there are some deficiencies as follows [2, 3] : the hotspot data are strictly inaccurate; the hotspots possibly move with respect to each other; the assumption that hotspots are fixed relative to the mesosphere should be further tested. Therefore, the motions of plates relative to hotspots described by many specialists are approximations, which do not truly reflect the absolute motion and evolution trend of the Earth tectonics [1, 4] . Most tectonic activities of the Earth such as earthquakes, volcanoes and island arcs frequently occur at plate boundaries. It is possible to study the relative motion histories of adjacent plates for revealing the evolution rule of the entire or Copyright by Science in China Press 2004 local Earth, predicting the motion trend, and exploring the active mechanism, so as to better predict or mitigate the geological disaster.
Space geodetic techniques, especially the Global Positioning System (GPS) running 24 hours a day, with high precision and real time, play a crucial role in monitoring and studying the crustal deformation and global tectonic motion [5, 6] . Compared with traditional geological methods, space geodetic techniques have a high precision and good real time and can detect present-day relative motion characteristics of the Earth planet tectonics. But some problems still exist. For instance, the criteria for selecting space geodetic sites are not uniform internationally. In ITRF2000 (http://large.ensg. ign.fr/ITRF/ITRF2000), the criteria for selecting core sites are: (1) continuously observed for at least 3 years; (2) located far away from plate boundaries and deforming zones; (3) velocity accuracy better than 3 mm/a and (4) velocity residuals less than 3 mm/a for at least 3 different solutions. However, the core sites constrained on the ITRF2000 (International Terrestrial Reference Frame) with space geodetic techniques are chosen at random with some uncertainties. For instance, how far are the sites away from the plate boundary or deforming zones, and what is the residual and velocity accuracy of sites (e.g. better than 3 or 2 mm/a), are the sites optimal? Heki [9] selected permanent VLBI stations located in areas more than 500 km away from the nearest plate boundary to define the kinematical reference frame. Sella et al. [10] selected space geodetic stations located in areas more than 100 km away from the nearest plate boundary to define the Euler vector of plate. Zhu et al. [11] selected geodetic stations from ITRF2000 with a formal uncertainty for their 3-dimensional velocity smaller than 3 mm/a to define the plate motion model ITRF2000VEL [11] , and so on. The different criteria for selecting sites directly affect the precision and the reliability of the ITRF and plate motion model. In this paper, we present a new method for selecting rigid geodetic sites on the plate from ITRF2000 velocity field and establish a present-day relative motion model RM2000. Incorporating geomagnetic anomaly data in different ages, the relative Euler vectors of global plates in each age can be determined, based on which the spreading, sliding and converging rates of adjacent plates can be obtained. Comparison and analysis of these results display some new relative motion characteristics of global tectonics. 
T is the translation rate, and Q is the rotation matrix: 
Therefore, we can obtain the 7 parameters through eq. (4) by a weighted least squares adjustment to all the stations on the j th plate, namely [12] . In Group 1, we suppose that only rigid plate stations are included, the corresponding variance of the post-fit residual series and the sum of weightings are σ 1 and P 1 respectively. In Group 2 only stations within deforming zones are included, and the corresponding quantities are σ 2 and P 2 .
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Then the variance (σ ) of the post-fit residual series for all the stations on the jth plate can be expressed as
Because σ 1 is smaller than σ 2 , it is clear that: σ 1 < σ < σ 2 , so we adopt 1σ as the criterion, namely k = 1. And then we re-estimate the 7 parameters by using only those kept stations and repeat the above estimating and kicking-out calculation until no sites are kicked out.
Present-day relative plate motion model
The ITRF2000 velocity field published by the IERS (International Earth Rotation Service) is collected by space geodetic techniques, including global 800 stations. Based on the international standard model NNR-NUVEL1A [13, 14] , we can select rigid geodetic sites of each plate through the above method from the ITRF2000 velocity field. For example, table 1 shows the kicking-out process of sites in the South America plate. In Cir- Table 2 shows the 4 sites remained in Circle 4, and the absolute values of residuals for all the three components of velocity are less than 0.941 mm/a. Table 1 The kicking-out process of sites in the South America plate Sites kicked-out 6 6 2 0 Table 2 The residuals and remained sites on the South America plate
Uncertainty/mm·a Lastly we select 78 geodetic sites, mainly distributed in 7 large plates, which almost include the 54 core sites of ITRF2000 and all satisfy the rigid test [15] . Therefore, the selected stations are in good consistency with the rigid motion of the plate, which shows that this selection method is reliable and also avoids the randomness, the uncertainty and even errors. For instance, we obtain the Euler vector of South America plate (0.113±0.005°/Ma, 133.5±0.9°W, 21.3±1.1°S) with the selected 4 sites, which almost coincides with the result of the model NNR-NUVEL1A (0.116°/Ma, 124.4°W, 25.3°S).
Comparing them with Sillard's result (0.149±0.01°/Ma, 140.5±10.8°W, 14.7±5.7°S) calculated using 10 stations in the South America plate in ITRF96 [16] , the errors of Sillard's result are larger, and the motion direction estimated by Sillard et al. [16] is contrary to the NNR-NUVEL1A's estimation. It is obvious that the Euler vector of South America plate calculated by Sillard et al. [16] is incorrect due to the inappropriate selection of geodetic sites on the plate.
Based on selected geodetic stations, we can obtain relative Euler vectors of global adjacent plates, namely the present-day relative motion model RM2000 (in table 3), which is almost consistent with REVEL97 calculated by Sella et al. [10] using space geodetic data, but our error ellipses of rotation pole are smaller, and the precision of rotating rate is higher. Few discrepancies are caused by the different partitions of plate. For example, in REVEL97, the Africa plate was divided into two plates, Somalia and Nubian.
The variation of global tectonic motion
According to the theory of Euler tectonic plate motion: V ij = Ω ij r (where Ω ij is the relative Euler vector of the plate, and V ij and r are the divergent or convergent velocity and the position vector at the boundaries of adjacent plates respectively), the relative motion rates of global adjacent plates are obtained from the RM2000 model. The model RM2000 is determined from an about 20-year time span of space geodetic data, so the estimations of RM2000 stand for the contemporary velocities averaged in recent 20 years. The NUVEL1A model was determined from the geological and geophysical data in 3 million years, whose estimations denote velocities averaged over 3 million years. The difference of estimations between RM2000 and NUVEL1A reflects the present-day relative motion characteristics. For instance, the present spreading rates of the South mid-Atlantic ridge and East mid-Pacific ridge are all smaller than the NUVEL1A predictions and much smaller than seafloor spreading rates (in fig. 1 ), but similar in azimuth, which shows that the spreading motions of the South mid-Atlantic ridge and East mid-Pacific ridge are slowing down in recent 3 million years.
Comparing estimations between RM2000 and NUVEL1A shows the variation trends of relative plate motions are irregular in the Northern Hemisphere, but are systematically slowing down in the Southern Hemisphere. Because the Earth is continuously moving and evolving, and the process is very complicated, the higher-accuracy analysis of motion trend and evolution histories of the Earth should further depend on the improvement in magnetic anomalies with a high resolution, so as to better under-stand evolution histories of the Earth and tectonic active rules of the disasters. The geomagnetic anomalies record the spreading, sliding and converging traces of adjacent plates, which can invert the motion details of adjacent plates. We collect all publicly available magnetic anomaly data from the correlative literature [17 26] fig. 2 ). It can be seen that: in the whole 80 Ma, the relative motion trends of the mid-Atlantic ridge, Africa-Antarctica, Cocos-Pacific, Africa-Eurasia and India-Eurasia are slowing down, the relative motion trends of Australia-Antarctica, Pacific-Antarctica, Africa-Australia and Australia-Eurasia are accelerative, and the relative motion trends of Pacific-Nazca, Nazca-South America, Pacific-Australia and Pacific-North America are almost constant. In recent 10 Ma, the relative motions at adjacent plate boundaries in the South Hemisphere are systematically decelerating, while the variations of relative motions in the North Hemisphere are unsystematic. In addition, the discrepancy of estimations between space geodetic data and NUVEL1A model in 3 Ma is consistent with the motion trend in tens of Ma, which shows space geodetic techniques can monitor the present-day tectonic motion characteristics of the Earth.
Conclusion and discussion
The different criteria for selecting sites directly affect the precision and the reliability of the ITRF and plate motion model. We here presented a method to select rigid geodetic sites on the plate, which can avoid the randomness and the uncertainty, on the other hand, and accurately select the rigid geodetic sites on the plate, so as to better establish a highly precise plate motion model and a more stable ITRF. Therefore, this method is proposed to be adopted for the ITRF organization. [9] 0.72 −94.0 56.0 3.6 1.5 −10 0.02 DeMets et al. [12, 13] AUST-PCFC [12, 13] (to be continued on the next page)
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www.scichina.com [9] 0.31 140.6 −62.5 2.6 0.8 −11 0.01 DeMets et al. [12, 13] AUST [9] 0.52 −95.9 40.5 4.5 1.9 −9 0.02 DeMets et al. [12, 13] NZCA-PCFC Comparing the present-day motion rates derived from the RM2000, NUVEL1A predictions averaged over 3 Ma and magnetic reconstruction results within tens of Ma, we can see, in the entire 80 Ma, the relative motion trends of the mid-Atlantic ridge, Africa-Antarctica, Cocos-Pacific, Africa-Eurasia and India-Eurasia are slowing down, the relative motion trends of Australia-Antarctica, Pacific-Antarctica, Africa-Australia and Australia-Eurasia are accelerative, and the relative motion trends of Pacific-Nazca, Nazca-South America, Pacific-Australia and Pacific-North America are almost constant; but in recent 10 Ma, the spreading and converging rates of adjacent plates in the South Hemisphere are all decelerating, indicating the motion trend in the Southern Hemisphere is slowing down in 10 Ma, while the North Hemisphere has no systematic variation. Additionally, the motion and evolution of the Earth tectonics are unstable during different period of time. For example, the spreading motions of Pacific-Antarctic and Australia-Antarctic had been accelerative from 80 MaBP to 10 MaBP, but is abruptly slowing down in recent 10 Ma. In the entire 80 Ma, the spreading rate of the south mid-Atlantic ridge keeps invariable, and the spreading rate of the north mid-Atlantic ridge is slowing down. However, in recent 10 Ma, the spreading rate of the south mid-Atlantic ridge is slowing down abruptly, and the spreading rate of the north mid-Atlantic ridge is accel- erative abruptly. Provided that the mid-Atlantic ridge kept spreading at a currently average 26 mm/a speed, it should have been around the Permian period or even earlier than the time when the Atlantic Ocean came into being and began to spread. However, according to the geological data, the Atlantic Ocean did not exist in the Permian period. Therefore we have reasons to suppose that during a certain period of geological time, the spreading rate of the mid-Atlantic ridge might be several times bigger than the current rate [7] , which can be explicitly seen from fig. 2(a) and (b) .
In a word, the Earth is continuously moving and evolving, and the process is very complicated. To accurately study the trend and evolution rule of the Earth tectonic motion is beneficial to analyzing tectonic motion characteristics, detecting the mechanism of tectonic motion and opening out the deriving power of plate motion, so as to better understand the Earth and predict natural disasters.
